Preparation and Characterization of 
Ce-Doped Lead Lanthanum Titanate 

(PLT) Thin Films 


By 

BANASHREE ROY 



MATERIALS SCIENCE PROGREAMME 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

July 1999 



A 1X3 5^6 


Preparation and Characterization of 
Ce-Doped Lead Lanthanum Titanate 

(PLT) Thin Films 


A Thesis Submitted m Paitial Fulfillment of the 
Requiiements for the Degiee of Master of Technology 


By 

Banashree Roy 


MATERIALS SCIENCE PROGREAMME 
INDIAN INSTITUTE OF TECHNOLOGY, KANPUR 

JULY, 1999 



2 0 OCT 1999 /(IS 

-ENTRAL LlBRASt 

j I T KAMfUi 


J2n57iJ 



Certificate 


It IS certified that the work contained in this thesis entitled “Preparation and 
Characterization of Ce-Doped Lead Lanthanum Titanate (PLT) Thin Films** by Banashree 
Roy has been cmed out under our supervision and that this thesis has not been submitted 
elsewhere for any degree 


YN Mohapatra 


July 1999 



D pj Agrawal 
July 1999 


Dedicated to My Parents 

( Baba o Ma ka) 



Acknowledgement 


I joined M Tech m Matenals Science with ceramic engineering background 
Ideally one would expect a thesis in ceramic science as natural choice It was sheer 
chance that I got an opportunity to enter the field of electroceiamics under Prof D C 
Agiawal who also taught me two ceiamic based courses Initially I was nervous But 
slowly with the encouragement and excellent guidance of Dr Agrawal the initial 
nervousness turned in to an exiting interest For this emotional transformation for which 
Prof Agrawal was the sole force I have absolutely no words to expiess my gratitude I am 
able to finish my thesis only due to his guidance intellectual support and creative 
cnticism 

I express my deep sense of gratitude to Dr Y N Mohapatra for his deep insight 
and guidance for my thesis work With each and every interaction I learnt some concepts 
in ferroelectncs not known to me earlier 

I am grateful to Subhasish da whom I met at the time of starting my thesis He is a 
treasure of knowledge and experience in ferroelectric ceramics He practically introduced 
me in to the research world of ferroelectric ceramic thin films by virtually leading me by 
hand He tought me every essential step from samples preparation to electrical 
measurements He answeied lots of my doubts sometimes childish with great patience 
treating me just like his younger sister 

I am especially thankful to Mishraji Many times he helped me with his strong 
teclmical experience and vast knowledge m electroceramics Many a times his fatherly 
wise suggestions helped me to overcome my frustrated situations 

I want to thank my ex laboratory mate and my senior Soumen for providing the 
programme for calculating the lattice parameters of the crystals 



I am thankful to my hostel mates Madhu Jayashree Arpita Pragya Chanda etc 
for then loving and wann company I want to express my hearty gratitude especially to my 
bosom friend Shampa who made my memory of stay in IITK a pleasant and cherishable 
one 

Thanks are due to my labmates (ex and present) Atanu da Bhoumik Pankaj 
Rashmi Satosh Sanka Amit and Dube for their coopeiative and helping attitude and for 
creating a pleasant and homely atmosphere in the Laboratory 

I am giateful to all ACMS laboratory and staff members specially Bishwanathji 
Umashankarji and Mr Jam for their hearty help which made my thesis work easy 

Finally I will never forget the moral support I get from my family My parents are 
my constant source of inspiration and encouragement Their love faith and hope will 
always show me the way for success in life 



Abstract 


Lead lanthanum litanate (PLT) has very attractive pyroelectnc properties But 
Its feiToelectiic pioperties are poor Ce is known to enhance the ferroelectric properties 
of lead zirconium titanate (PZT) thin films We have therefore studied the effect of Ce on 
the feiToelectnc properties of PLT thin films Ce doped PLT thin films of four different 
compositions (PL15T PL12C03T PL10C05T and PLosTotT) have been prepared by sol gel 
method on polyciystallme Pt and sapphire substrates by means of the spin coating 
technique The phases of the films were studied by X ray diffraction method It is found 
that with increasing Ce content the c axis onentation of the films incieases for both the 
substrates Highest degree of c axis orientation is obtained 111 the PL10C05T film Above 5 
at % Ce c axis orientation of the films decreases Time temperature-transformation 
(TTT) study of PL15T films show that PLT films crystallize at much lower temperature 
than PZT films and the perovskile formation is easier The dielectric and ferxoelectnc 
properties of the films are characteiized Pr and Ps (remnant and saturation polarization 
respectively) of the films increase with Ce content and comes to the highest value for the 
PL10C05T film (Ps~ 54 00 Pr~ 34 00 ) The dielectnc constant vary from 990 to 1415 for 
Ce content of the films from 0 at % to 7 at % respectively with PL10C05T film having the 
highest value of 1520 Values of dielectric losses are also consistent with that of 
ferroelectnc and dielectric constant values C axis onentation of the films supports this 
particular trend of charactcnstics In conclusion it is found that Ce doping in PLT thin 
films enhances the ferroelectic and dielectnc properties of the films and PLT thin film 
with 5 at % Ce has the best ferroelectnc properties 
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Chapter 1 


Introduction 


1 1 Point groups and ferroelectricity 

Crystals depending on their geometry are classified into seven systems and these 
seven systems are again divided into 32 point groups with respect to their symmetry 
around a point (Fig 11) 11 of these point groups possess a centre of symmetry and so 
are non polar in nature Other 21 are non centre symmetnc Among these 21 20 exhibit 
piezoelectricity (stress/stram dependant polarization) 10 of these 20 show spontaneous 
polanzation which is in general temperature dependant It is called pyroelectric effect 
and these crystals are called pyroelectnc crystals A limited numbers of pyroelectnc 
matenals have the additional property that the direction of the spontaneous polarization 
can be changed by an applied electric field This special group of matenals is called 
ferroelectric materials This reversible polarization results m the existence of a hysteresis 
loop when the field applied is plotted against the resulting polanzation A typical loop is 
shown in the Figurel 2 The observation of hysteresis loop is done basically using the 
original or the modified Sawyer Tower ciicuit [1] At low and at very high fields the 
ferroelectric matenals behave like an ordinary dielectric (usually with a high dielectnc 
constant) but m the medium fields (~ Ec ) region polarization reversal occurs giving a 
large dielectric non hneanty The area within the loop is a measure of the energy required 
to twice reverse the polanzation 




Fig 1 1 Interrelationship of the piezoelectncs and subgroups on the basis of internal 
crystal symmetry [2] 


2 










In the figure of hysteresis loop Ps is the saturation polarization which can be 
obtained by extrapolating the saturation value of the electnc polarization to the zero field 
(E) Pr IS the remnant polanzation which is the value of polarization at zero field and Ec 



Fig 1 2 Typical hysteresis loop of ferroelectric ceramics 


coercive field is the value of the field at which polanzation reversal occurs giving a large 
dielectric non linearity 


1 2 Ferroelectric and Pyroelectric Ceramics 

Although initially most theoretical works and expenmental study on the fundamental 
ferroelectnc properties and the commercial uses were earned out on large single crystals 
(due to the fact that they have less imperfections and surface defects) use of 
polycrystalhne ceramic matenals is of practical importance because of 


3 


1 the possibility of preparing a wide range of compositions 

2 the corresponding ability to adjust their properties for different applications 
Fenoelectnc polycrystalline ceramics are much easier to prepare than the single 

crystals and in many cases they show good ferroelectnc and pyroelectnc properties 
comparable to those of the single crystals 


12 1 Application of ferroelectnc and pyroelectric materials 

Several phenomena m ferroelectnc matenals such as pyroelectricity and 
piezoelectncity and polanzation hysteresis may be exploited to fabricate a number of 
useful devices These are as follows 

The main uses of the ferroelectnc thin films are as capacitative elements and as 
memory devices Memoiy elements are of two types 

1 Dynamic random memory (DRAM) for which the tlnn films should have high 
dielectric constant low loss factor and low leakage current density 

2 Non volatile random accesses memory (NVRAM) for which low coercive 
field (Ec) high remnant polanzation (Pr) and very small switching time for 
polanzation are necessary 

One of the most important uses of the pyroelectnc matenals is as IR detector In a 
pyroelectnc matenal there is a change of spontaneous polanzation due to change of 
temperature This lead to the appearance of a pyroelectric current which is proportional to 
the rate of change of temperature This change of temperature can be brought about by 
chopped IR radiation and the current produce can be used to detect and to measure the IR 
radiation The pyroelectnc current (Ip) is related with the change of temperature (T) with 
time as follows 

Ip=pAT (11) 

Where p = pyroelectric co efficient and 

A = area of the pyroelectric detector element on which the radiation falls 

This kind of detector can detect the existence of moving elements or humans The 
moving body emits radiation which is detected by detector 

This types of IR detectors are also used in radiometry 

Pyroelectric detectors are also used in pollutant control The IR radiation is passed 
through tube containing the gas with pollutant and radiation is passed through an optical 
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filter corresponding to a frequency at which the pollutant absorbs radiation to a greatei 
extent than any other constituents of the gas The piesence of pollutant can be detected by 
companng the result with the lesult obtained by using other filter of different wavelength 
to which the gas is transparent 

It IS used for preparing the intruder alarm in thennal imaging etc In an IR FET 
detector a pyroelectnc film is deposited on top of the gate oxide layer which act as an 
integrated sensor [3] 

In pnncipal fenoelectncs are also piezoelectnc A potential application for 
piezoelectnc matenals is micropositionmg and actuation for micromotors These matenals 
have a number of other uses also Among these surface acoustic wave device (SAW) in 
particular very important 


12 2 Changes of Properties by Doping 

One of the very significant advantages of the ceramic compounds is that their 
properties can be modified by addition of foreign ions substituting part of host atoms This 
technique is known as doping Dopants are of two types donor dopants and acceptor 
dopants The acceptor dopants have a lower valance than that of the substituted atoms and 
oxygen vacancies help to compensate this charge imbalance The donor dopants have 
higher charge than that of the replaced ions and this charge imbalance is compensated by 
cation vacancies Table 1 1 shows the common dopants in perovskite ceramics 
The effects of the dopants are 

1 Donor dopant replaces either A site or B site ions and produces p t 3 qie 
ceramics and so the resistivity increases Generally on introducing the donor dopants A 
site vacancies are created Donor dopants enhance domain reonentation and donor doped 
ferroelectric ceramics are charactenzed by square hysteresis loops low coersivity high 
remnant polanzation high dielectric constants, maximum coupling factors high dielectric 
loss reduced aging etc 

2 Acceptors create negative charge which are balanced by oxygen vacancies 
But generally they have limited onentation m the lattice because of which he domain 
reonentation is limited and ceramics with acceptor additives show poorly developed 
hysteresis loops low dielectric constant and low dielectnc loss high aging rate etc 
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3 Isovalent additives have the same valance as the substituted ions The 
solubility of these additives is high and on doping the ferroelectncs show low dielectnc 
loss high aging rate etc 

Table 1 1 Common aliovalent substituents 


Detail of the dopants 

Examples 

A site donors 

La'*'^ Bi^^ Nd^^ 

B site donors 

Nb'*'^ Ta""^ Sb'"^ 

A site acceptors 

K'" Rb^ 

B site acceptors 

Co^^^ Fe-"^ Sc'"^ Ga'^^ 


Cr""^ Mn+^ Mn"" Cu""^ 


4 Multiple valance dopants act both as donar and acceptor So the properties of 
these ceramics are a mixture of donar and acceptor doped ceramics 


1 3 The Lead Titanate (PbTiOs) Based Ceramics 

Among the ceramic ferroelectnc compounds lead titanate (PT) based ceramics are 
important class of materials which find wide applications in piezoelectric and pyroelectnc 
devices 

Lead titanate (PT) has an ABO3 type of perovskite structure The O atoms are at 
the face centered position A sites 1 e comers of the cell are occupied by the Pb’*'^ 10 ns and 
B sites 1 e body centered position is occupied by the Ti'^'* ions (Fig 1 3) 

Ferroelectnc nonfenroelectnc transition is accompanied by a phase change In case 
of the ferroelectnc perovskite ceramics the temperature at which phase changes from 
cubic to tetragonal or rhombohedral is called the Cune point Sometimes the approaching 
transition is signaled by a diverging dielectnc response or permitivity (e) which close to 


6 







transition tempeiature (T,;) varies with temperature m an approximate Cune Weiss 
manner 



Fig 1 3 Structure of an ABO 3 perovskite crystal 

8 =C/(TTo) (12) 

where To = Cune Weiss temperature which is equal to Cune temperature (Tc) only 
for a continuous transition 

Above Cune temperature the matenal is in paraelectnc phase Wlien the 
ferroelectnc crystal is cooled from a paraelectnc phase to a ferroelectnc phase in the 
absence of applied fields depolarized crystal assumes a high energy on polarization 

We = l/2j D E dV (1 3) 

where D = Electric displacement 
E= Field 

and V= Volume of the crystal 
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To minimize this eneigy the crystal brakes into domains The polarization within a 
domain is uniform but the polar onentation of the different domains are not similar 
Without domain fomiation the eneigy of the crystal is much higher than the energy 
associated with ferroelectric ordering so that ferroelectncity can t exist But when a 
sufficiently high electric field is applied externally the domains tend to align along the 
field direction and the crystal obtains a net polanzation 


1 4 Ferroelectric Thm Films 

The pyroelectnc and ferroelectnc ceramics are currently used mostly in the form of the 
bulk ceramics However using in thin film form offers number of advantage like 

1 Crystallization and sintenng of the thin films usually occur at hundreds of 
degrees lower than for bulk These lower temperatures are compatible with semi 
conductor processing temperature 

2 Due to very small thickness the operating voltage can be reduced to few 
volts which are compatible with electronic circuit dnve voltage 

3 High charge storage density m small area leads to mimatunzation of the 

devices 

4 Epitaxial growth is relatively easier m thin film than the growth of single 
crystal in bulk 


1 5 Preparation of ferroelectnc thm films-the Sol- 
Gel Method 

Different methods have been used for the preparation of the PLT thin films such as 
rf magnetron sputtering [4 8] chemical vapour deposition (CVD)[9] sol gel [10-12] 
pulse laser deposition (PLD) [13] etc depending on the application 

Among the above mentioned techniques the sol gel method has the following 
advantages over the others 

1 Homogeneity at the molecular level 

2 Low preparation temperature saves energy 

3 High deposition rate 
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4 Easy introduction of the dopants 

5 Deposition under different ambient condition is possible 
But sol gel process has some disadvantages also 

1 Laige sluinkage dunng processing and formation ot cracks 

2 Residual fine pores 

3 Long piocessing time 

4 Health hazards from organic solvents 

Sol Gel method has been used for the preparation of films in this work 

A sol IS defined as a suspension of submicron particles in a liquid Sols can be of 
two types In one preparation is done by precipitation of particles in suspension such as 
in the preparation of S 1 O 2 sol 

Na 2 Si 03 + 2HC1 S 1 O 2 + 2NaCl + H 2 O 

A sol can also be prepared by starting with metal alkoxides 

In this method a metal alkoxide such as Si(OC 2 H 5 ) ( tetraethyl orthosilicate 
TEOS) and water are mixed together in a common solvent which is usually an alcohol A 
small amount of an acid or a base is added as a catalyst Two types of reactions proceed 
simultaneously 

( 1 ) hydrolysis 


OR 

I Hydrolysis 1 

RO— M— OR + H— OH o — M— OH + R— OH (1 4) 

I Estenfication | 

OR 

(ii) condensation 


H2O Condensation 


_M— 0— H + O— M— — M— O— M— + H 2 O 

I I I Hydrolysis I I 

H 


(1 5) 


I 1 Alcohol Condensation 1 I 

— M— OH + RO— M— o — M— O— M— (16) 

I I Alcoholysis I I 
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Due to these reactions oligomers containing a few metal atoms form These oligomers 
suspended m the liquid constitute the sol 


15 1 Mechanism of Hydrolysis 


15 11 Acid -Catalyzed Hydrolysis 

Different workers have proposed different mechanisms for the acid catalyzed 
hydrolysis [14 20] Some of them proposed a possible acid catalyzed hydrolysis 
mechanism as follow (17) In this mechanism lone pair electron of Oxygen of water 
attack the without inversion of the silicon tetrahedron Klemperer et al [21] showed 
same type of mechanism 


OR 


ROlK' 

RO^ 


Si- OR 


H2O 


OR 

^04 I H 
9i-0 -R 

RO^-*^ ® 

0 -H 


H 


(RO)3SiOH + 

HOR + H^ 0 7) 


In acid catalyzed reaction with the substitution of — OR group with — OH 
group rate of hydrolysis decreases because R has much more electron donating capacity 
than H For this cause on acid catalyzed hydrolysis two dimensional chain like stmcture 
fonned 


15 12 Base-Catalyzed Hydrolysis 

Her [22] and Keefer [14] proposed an Sn2 Si mechanism (1 8) But it is affected by 
stenc and inductive factors 

Pohl and Osterholtz [15] described Sn 2 * Si or Sn2* Si mechanism with a stable 5 
coordinate intermediate state (1 9) 
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In this mechanism as — OR group has more electron donating capacity than — OH 
group the Si of the tetrahedral has less positive charge density to be attracted by OH” 
group in the hydrolysis But with the incorporation of — OH group it become more 


/ W 


HO" + Si 


— OR 


/ 

RO 


RO OR OR OP 

S' \ / r // 

HO Si or ^ ho Si + OR" 

\ 

OR OR 


(1 8 ) 


OH“ 4- SitORl^s: 


^OH 



RO — sic; 

-OR 

1 

'•OR 


OR 

TS 1 



OR 

OR 


OR 


(32 


Cl 9) 


OH -] > 

I SI-OR 

RO — Si-^ 2^=!!: Si(OR)-,OH + RO" 

I a^oR ® 

OR 

TS 2 - 

easier and step of hydrolysis actually enhances the next step For this cause on base 
catalyzed hydrolysis 3 dimentional branched netwoik is formed 


15 2 Condensation and Gelation 

15 

Gelation of the sol is the next step Under suitable conditions sol. transformed to a 
gel which can be defined as a rigid continuous porous mass network produced through 
destabilization precipitation or supersaturation Both hydrolysis and condensation occur 
simultaneously The relative rate of the two reactions reaction depends on the conditions 
of the expenment i e catalyst type solvent temperature pressure water and alkoxide 
ratio inductive effect presence of stenc group m molecule etc Among these factors water 
and alkoxide ratio is the most important Since water is the by product of condensation 
action addition of more water suppresses the reaction to words the left according to the La 
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Chatelier s pnnciple So more hydrolysis will occur Fig 1 4 [23] shows the vanation of 
gelation time with inci easing amount of water in silicon ethoxide gel formation 



Fig 1 4 Gel time vs water TEOS ratio [23] 



pH 


Fig 1 5 Average condensation rate for TEOS hydrolyzed with solution of various acids 
[24] 


12 




Fig 1 5 [24] shows the effect of pH on the average condensation rate (1/tgei) for the 


TEOS 

Table 1 2 shows the variation of gelation time for those hydrolyzed in different solvents 
Table 1 2 Gel time for TMOS hydrolyzed m different solvents [25] 


Solvent 

tgei(min) 

Methanol 

8 

Formamide 


Dimethyl Formamide 


Acetonitnle 


Dioxane 



Rlreological measurements charactenze the bulk properties of the sol 
Rlieological properties are highly dependant on the concentration of sol molecular weight 
and shear rate For organic polymers it is shown that viscosity (r|) is related to number 
average molecular weight (Mn) according [26] to the following formula 

[p] = KMn“ (110) 

where K= Constant depends on polymer 
and a depends on polymer structure 

Numbers of scientists [26 28] worMon the viscosity of the sol gel transition 
Sakka et al sho\\4[27] that the gel point is defined as the time at which the viscosity is 
observed to increase abruptly (Fig 1 6) 

By controlling viscosity of sol gel transition different kinds of shapes can be given 
to sol At about 1 cP viscosity partially hydrolyzed sol can be coated on the substrates and 
form films About 10 cp when the sol turns into somewhere a sticky mass fiber can be 
drown from it 
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Fig 1 6 Change of viscosity for hydrolyzed TEOS with time [27] 


1 6 Literature Review on La Doped PT Thin Film 

Since 1970 s the scientists have been working on the properties and characteristics 
of PbTiOa thin films They have shown that PbTiOs has a large spontaneous polanzation 
(75pC/cni^) high electro mechanical coupling in the C direction (as C axis is the 
polanzation axis) small dielectnc constant (Sr ~ 100) [29 30] and high pyroelectric 
coefficient (p = 2 5 xlO C cm / K) [4] Therefore it has a large pyroelectnc figure of 
ment (Fv) as 

Fv = p/Cver (111) 

where Cv = volumetric specific heat 

Because of these reasons considerable research efforts are being devoted to produces C 
axis onented PT thin films for pyroelectnc devices [31 33] Some of the featuies of the 
works on the PT thin films are shown in Table 1 3 [5] But with a high paraelectnc to 
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ferroelectric tiansilion temperature (Tc ~ 490° C) and high tetragonal distortion (c/a 
1 06) poling of PT lequnes high electric field and generates cracks in the films One 
appioach to overcome this problem is by addition of La in PT [34 35] 

Table 13 A synopsis of some recent work on c axis oriented PbTiOs thin films [5] 



DEVICE STRUCTURE 

FEATURE 

AUTHORS 

PbJ-iO, (lO^)Pt 

mmmm 

La d ped 

Largo pyro 
electricity 

11 Jlma 
et al 

c PbTiO, 

j •’(lOOMgAljO^ 

^rmrnTTJT, 

' III ! 

SI, substrate 

Matsubar 
et al 

a PbjTlOj (lOO)S F 

l/nj/iiil III 

SI ubstrato 

Okoyaraa 
et al 

c PbjTiOj (ioo)Pt 

///T/nj/lL 

Ca doped 

Large pyro 
loctrlclty 

Vatanabe 
et al 


Since 1986 work is being earned out on pyroelectnc properties of PLT thm films 

In that year an important work was by K Lijimaetal [36] in which rf magnetron method 

was used to prepare highly C axis onented PLT thin films with composition Pb, ^Laji, 

^403 (wheie x = 0 05 0 10 and 0 15) on MgO single crystal and on epitaxial Pt thin film 

substrates The results of this study are as follows 

1 Degree of C axis orientation of PLT film decreases tetragonality (c/a) decreases and 
Cune temperature decreases with increasing La content 

2 D E hysteresis loops become steep and symmetric with increasing La content 

3 The most striking point is that the pyroelectnc coefficient (p) and dielectric constant 
(8r) increase with increasing La content and at La = 15 p is highest (Fig 1 7) But 
considering the figure of ment (Fv) and temperature coefficient of pyroelectnc 
constant the authors concluded that PLT films with x= 0 10 are good matenal for 
pyroelectnc IR detector 
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Fig 1 7 Temperature dependence of pyroelectnc coefficient (p) of the films [36] 

In 1990 K Tominaga etal [9] deposited PLT thin film by MOCVD process on 
MgO (100) The film was highly C axis onented having the onentation parametei a 
between 0 8 and 0 9 where a is defined as 

a = I (100)/[I (001) +I (100)] (1 12) 

where I (001) and 1(100) are the intensities of the corresponding X ray diffraction 
peaks They also deposited PLT film on Pt/MgO (100) to measure the dielectric properties 
These films were single perovskite type but not C axis onented The dielectnc constant 
(8r) and loss factor (tanS) of these films at room temperature were 800 2700 and 0 04 010 
respectively 

Schwartz et al [37] worked on sol gel denved PLT thin films by spin coating 
method on Pt/Ti/SiOa/Si substrates They showed that PLT thin films have the following 
attractive properties 

(a) High pyroelectric coefficient (1 5x10* C/cm^ K) 

(b) Conversion to perovskite at a lower temperature than PT and PZT 

(c) Unique second order electro optic effects for PLT composition with high 

La concentration 
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These workers also notified that with increasing La concentration the dielectric constant 
increases The properties of same PLT film composition prepared by them are tabulated in 
Table 1 4 They showed that with increasing La content the hysteresis loops become 
slimmer and symnietnc The decrease in the asymmetry of the loop may be due to the 
decrease in the internal bias field or in the level of the coupling At 20 at % La the 
ferroelectnc to paraelectnc phase boundary (La at % =28) is being approached 


Table 1 4 Variation of properties of PLT thin films with different La content [37] 


% 

La 

Dielectnc 

constant(Sr) 

Remnant 

polanzation(Pr) 

Coercive 

field (Ec) 

Dissipation 

factor 

Cune Point 

(° C) 

0 

80 

66 

97 1 

0 03 

490 

5 


12 9 



- 

15 





208 

20 



19 8 


140 

25 

690 

1 8 


0 087 

91 


Y Shimizu et al [38] worked on sol gel denved PLT thin film in which La 
concentration was 18 at % They also deposited the film by spin coating on the 0 02 pm 
Ti/0 43pm Pt/ S 1 O 2 substrates They show the variation of the dielectnc constant of the 
films prepaied in different ambients (air and pure O 2 ) (Fig 1 8) with temperature They 
also compared the effect of thickness of the PLT (18) films on their dielectric constant at 
different aimeahng temperature (Fig 1 9) The values of loss (tanS) for these films vary 
from 0 013 to 0 055 with temperature 
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Figure 1 8 Effect of the annealing temperature on the dielectric constant of the PLT (18) 
thin films with 5 coating (O) fired in air and (A) fired in oxygen [38] 
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Figure 1 9 Effect of thickness on the dielctnc constant of PLT(18) films fired at 
several temperatures (0) 700°C 3 hr and (A) 800 C 3 hr [38] 

G R Fox et al [39] worked on the high field electrical properties of ferroelectnc 
thin films They deposited the lead lanthanum titanate (PLT) thin films by muitiion beam 
reactive sputtering (MIBRS) They show that at different applied field the conduction 



I h knf Vs V uir ) 
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charactenslics of the films can be defined by different mechanism At low field 
conduction in PLT is ohmic at a cntical field it is defined by space charge limited (SCL) 
current and anothei mechanism is trap field limited (TFL) They also proved that with 
increasing La concentration the voltage at which SCL TFL transition occurs increases 
The electrical characteristic of the films is also explained by means of these mechanisms 
N Nagao etal [40] deposited 1 5 pm thick PLT (15) films by rf magnetron 
sputtering method They used Pt/MgO substrates They studied the effect of the sputtering 
condition on the films According to their work presence of excess PbO on the growing 
surface enliance the C axis onentation of the film and its crystallinity The films showed 
high pyroelectnc properties (p = 1 3 x 10 ^ C/cm^ K) low dielectric constant (Sr = 350) 
and high figure of ment (Fv =1 2 X 10 C cm/J) much higher than FT (Fv ~ 0 3 x 10 
C cm/J) or PLioT (Fv~ 0 5x 10 C cm/J) thin films They also studied the increase of Tc 
and broadening of the dielectnc phase transition with the vanation of La content 

H Maiwa et al [41] worked on the ferroelectnc fatigue and refreshment of (Pb 
La)Ti 03 thin films The substrates was Pt/MgO The process of deposition was multiple 
cathode rf magnetron sputtering When DC bias voltage ( 20v) was applied on the 
fatigued sample for lO'* sec the remnant polarization (Pr) increased On heat treatment 
(400° C) of the fatigued films for 1 hr the coercive field decreased and the sequences of 
the film improved They could not explain the mechanism of the controlled fatigue 
property but they thought that defect dipoles may play an important role 

H Maiwa et al [42] showed in another paper that crystallinity and Pb content 
highly effect the ferroelectnc properties of the PLT thin films They also compared the 
effect of the substrates on the electncal properties of PLT According to their work PLT 
thin films on Pt/MgO substrates show higher crystallinity Square hysteresis loop and 
higher Pr values compared to the films on Pt/Si02/Si substrates At lower temperature 
(515° C) PLT films deposited on the substrates show good ferroelectnc properties than the 
films deposited on the same substrates at the higher temperature (540° C) 

Adachi et al [43] show that at room temperature the dielectnc constant of the PLT 
(15) film is ~ 1070 So it can be used for the DEAM application They measured the P E 
hysteresis loop at 60 Hz The loop was asymmetnc m nature with Pr and Ec values 8 5 
pC/cm^ and 78 kV/cm respectively They got a high value of pyroelectnc coefficient (p = 
3x 10 C/cm^ K) without poling 
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K Kamachi et al [44] used rf magnetron sputtenng method and developed a 
reproducible preparation method for the preparation of high quality PLT thin films They 
prepared PLT thin films with very high C axis onentation (a ~ 10) They measured the 
pyioelectric coefficient (p) and dielectric constant (Sr) as the function of the substrate 
temperature (Ts) PLT thin films deposited on the substrate of temperature 580'^ C showed 
the highest pyroelectric coefficient of 4 2x10® C/cm^ K which is twice as much as that 
of PT The dielectnc constant of the PLT films were shown to have very small values (~ 
290) 

Lee et al [7] investigated the microstructure and electrical properties of 
Pbo gsLao 05 T 1 O 3 thin films on (100) oriented Pt/MgO substrates by rf magnetron sputtenng 
method They show that if the MgO crystal is fully covered by Pt film then the PLT is not 
C axis onented but if Pt films covered the MgO cryatals only partially and formed a 
percolating network PLT films grow epitaxially along C axis Authors were able to get 
highly C axis onented PLT thin films on MgO (100) crystals covered 60 % by sputtered 
Pt This film showed a hysteresis loop with Pr ~ 1 bpC / cm^ and Ec = 70 KV/cm 
Following results were obtained by the workers 

Remnant polanzation (Pr) = 16 pC/cm^ 

Coercive field (Ec) = 70 kV/cm 

Dielectnc coefficient (s,) = 80 100 

Dissipation factor (tan 5) = 0 014 0 03 

(at 1 KHz) 

Pyroelectric coefficient (p) = 45xl0®C/cm^J 

(without poling) 

Figure of merit (Fv) = 14xl0'°Cc/J 

Y M Kang et al [13] prepared the Pbi xLaxTiOj (X== 0 28) epitaxial thin films on 
the Mg (100) and SrTiOa (001) single crystal substrates by pulse laser deposition method 
They show that as the La concentration increases the crystal quality improved (better 
crystallinity) up to x = 0 08 Between 0 08<x<0 16 there is no change in the quality and 
after that it degrades At x > 0 20 a massive thermal stress developed dunng cooling 
which could not be relieved by stmctural transformation as c/a ratio is small and curie 
temperature is very close to room temperature 
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In their papei SJ Kang et al [10] studied the dielectnc and ferroelectnc 
properties of PLT thin films with increasing La content They studied the optical 
properties also They show that with increasing La content from 15 % to 28 % the 
hysteiesis loops widen slightly Both Pr and Ec decrease with increasing of La from 15 to 
28 mole % and then increase The authors concluded the PLT 28 to be the best for DRAM 
application At 1 00 Hz frequency the dielectnc constant (Sr) and dielectnc loss (tan 6) are 
940 and 0 08 respectively The leakage density at 1 5 x 1 0^ v is 1 x 1 0 amp/cm^ 

K Takashi et al [45] compared the intermittent and continuous rf magnetron 
sputteiing deposition method In intermittent deposition method the honzontal gram 
growth of the films is rapid in the other method Film prepared in this method show higher 
pyroelectnc coefficient (p = 5 x lO^C/cm^ K) and low dielectric constant (Sr = 185) as 
compared to the other methods 

K No et Al [11] prepared PLT films by sol gel method The substrate was Pt 
(1000A°)/Ti (500 A°)/Si02(2000A°)/Si (100) They obtained the following properties of 
the films (Table 1 5) 

Table 1 5 Electrical properties of PLT thm films with different La content [11] 


La content 

(%) 

Film 

Thickness(nm) 

K 

Ec(kV/ 

cm) 

%Pr 

(pC/cm^) 

P(G cm 

) 

p(nC/cm^ 

K) 

0 

740 

280 

161 

21 

23 

1 3 

5 

680 

630 

105 

27 

73 

1 9 

15 

670 

870 

58 

15 

95 

25 


Figure 110 shows the vanation of pyroelectnc coefficient with temperature 

H Maiwal et al [8] prepared PLT thm film by multiple cathode rf sputtenng 
method They studied the properties of PLT thm films with La content 17 to 28 mole % 
At lowest La content (La/Ti -0 17) they observed well defined hysteresis loops while at 
higher La content it behave almost single line Figure 1 1 1 shows the vanation of the 
dielectnc constant with La content vanation The dielectnc constant and leakage current of 
100 nm thick PLT (La/Ti - 0 28) thm films were 396 and 10 ^A/cm^ respectively which 
indicate that the PLT films fabncate by this method are suitable for DRAM application 
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Figure 110 Pyroelectric coefficient vs temperature plot of the films with different La 
content [11] 



Fig 111 Dielectric constant of the 300 nm thick PLT thin films with different La content 
at room temperature [8] 
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Many other reports are available m this area [47 51] but K Iijima et al [52] had 
done an interesting study on the preparation and properties of La modified PbTi 03 thin 
film They prepared the film by rf magnetron sputtenng They shows that PLT thin films 
with La content 15 mole % has an extremely large pyroelectric coefficient of 9 5 x 
lO^C/cm^ K and low dielectnc constant of 330 

Recently Majumder et al [53] have reported significant enliancement m properties 
of PZT thin films doped with Ce They prepared PZT and Ce doped PZT thin films on the 
polished and cleaned polycrystalhne Pt substrates They measuied the hysteresis loop 
charactenstics and fatigue resistance of the films In both cases addition of Ce had a 
dramatic effect They showed that upto 1 at % Ce doping the remnant polanzation (Pr) and 
saturation polanzation (Ps) values increase and corresponding coercive field (Ec) 
decreases However above 1 at% Ce doping the polanzation values detenorate and 
coercive field increase On the other hand hysteresis loops with 1 and 3 at % of Ce show 
dramatic improvements in resistance of fatigue 

According to this discussion PLT thin film act as a promising matenals for 
pyroelectnc applications But its ferroelectnc properties are poor It has show low values 
ofPr Ps and high Ec 


1 7 Statement of the Problem 


Guided by the above discussion we decided to work on Ce doped PLT thin films 
(h 

From journal review it become clear that although PLT thin film is a good pyroelectnc 
matenal its ferroelectric properties are poor So we planned to study the effect of Ce on 
the electrical properties of the PLT film As PL 15 T gives the highest pyroelectric 
coefficient value we took this matenal as the starting composition The aim of our work is 
as follows 

1 To study the phases and lattice parameters of the films containing different 
amounts of Ce 

2 To study the electncal properties (ferroelectnc and dielectnc) of the films 

3 To optimize the composition for highest ferroelectnc and dielectnc properties 
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Chapter 2 


Experimental Procedure 


2 1 Preparation of Sample 

2 11 Formulation 


Wlien an additive oxide is added to a matenal with perovskite structure (ABO 3 ) of 
the ciystal the added cation distnbute itself m between A and B sites m a ratio depending 
on the size of the coming and substituted cations According to Goldsmidt a cation can be 
substituted for another cation if the radii of the two cation don t differ by more than 15% 
Table 2 1 shows the radius of the Pb La Ce and Ti cations According to this Table La''^ 
IS within 15% of Pb"^^ So La"*^ fully substituted Pb"^^ and takes place in A site with B site 
vacancies (for charge balance) Foi Ce at +3 oxidation state it is within 15% of La"^^ 
andPb"^^ and in ceiiuni trinitrite hexahydrate (CeN 03 6 H 2 O) Ce is in + 3 state So at the 
beginning it can be said that Ce”^^ will substitute^ the-La"^^ mainly Depending on this 
theory we had calculated the composition of the sol as below which is supported by the 
works of other scientists [18 27 34 37] also* As PLT thin film with 15 mole % La shows 
the maximum pyroelectnc coefficient [34] we have taken the following composition 



Pbi 05 isLa 15 xCex[Tio 952500 0375] O3 
or 

Pbo oLa 15 xCex[Tio 96250o oavsJOa 
with x=00 030507 respectively 

Table 2 1 Effective ionic radii of La Pb Ti and Ce at different valance states and 
coordination number [54] 


Ions 

Goldsclimidt(A°) 

Poulmg(A°) 

Alirens(A°) 

Others(A") 

~L^ 

1 22 

1 15 

1 14 

XX 

Pb^^ 

1 32 

XX 

1 20 

XX 

Ti+4 

0 64 

0 68 

0 68 

XX 

Ce'^^CC N 6) 

1 18 

XX 

1 07 

XX 

Ce‘^^(C N 12) 

XX 

XX 

0 94 

1 034 

Ce-^^C N 6) 

1 02 

XX 

XX 

XX 


2 12 Preparation of Lead Lanthanum Titanate (PLT) and 
Lead Lanthanum Cerium Titanate (PLCT) Sol 


For the preparation of thin films of lead based compounds usually an inorganic 
salt such as lead acetate is usually used as a source of Pb while other cations are provide 
by their respective alkoxides Precursors with high metal and low organic content lead to 
crack free PLT or PLCT thin films after heat treatment because of less volume shrinkage 
due to removal of organic dunng finng On the other hand precursors with high metal 
content are reactive to moisture and are difficult to prepare into a stable sol Again in 
alkoxides the reactivity of alkyl groups increases with decreasing molecular weight in 
order of methyl>ethyl>propyI>butyle>higher alkyl groups So a higher order ti butoxide 
IS used for the preparation of PLT and PLCT sol 






Many different ways have been reported for the prepaiation of PLT sol as 
mentioned earlier In the present case the method used by Yi et al [55] has been used with 
some modefication The chemicals used are listed in Table 2 2 


Table 2 2 Chemicals used for sol preparation 


Compounds 

Formula 

Molecular 

Weight 

Density 

Tt 4 Butoxide 

Ti(OC4H9)4 

34035 

0 995 

Pb Acetate 

Pb(CH3COO) 3 H 2 O 

379 33 

2 55 

La Nitrate 
Hexahydrate 

La(N03)3 6 H 2 O 

432 9 

— 

Ce Nitrate 
hexahydrate 

Ce(N03)3 6 H 2 O 

434 115 

— 

Acetic acid 

CH 3 COOH 

60 05 

1 431 

Iso propanol 

C 3 H 7 OH 

60 10 

0 785 

Water 

H 2 O 

18 00 

~ 1 00 


Lead acetate tnhydrate [Pb (CH 3 COO )2 3 H 2 O] is mixed with acetic acid in a three 
necked flask (molar ratio 1 4) and heated in an oil bath (Fig 2 1) to remove the water 
associated with lead acetate Ideally the water from lead acetate should come out and 
condense m the condenser But no sign of such condensation is obseiwed This is 
behev^due to the following reasons 

1 Size of the tliree necked flask is larger than necessary Only lower portion of the flask 
gets heated while the upper remains cool The water vapour condenses on the cool part 
and flows back m to the sol 

2 Design of the flask and condenser system system is not proper Very limited amount of 
vapour entered into the condenser 

Proper design and use of small flask may solve this problem However despite this 
problem sufficient water is removed to yield a stable sol For this the temperature is kept 
constant at 120° C for 15 20 minutes The mixture is cooled to ~90°C In the mean time 
ti butoxide is mixed with acetic acid ( ti butoxide acetic acid ~ 1 2 mole ratio) in the 






glove box and stirred well This mixture is poured down into the three necked flask at ~ 
90° C and stir for 1 5 20 minutes Here acetic acid ( AcOH) is used for two reasons 

1 It acts as a chelating agent for Ti Butoxide and stabilizes it in sol and slows 
down the gelation process 

Ti(OBu ")4 + AcOH Ti (0Bu'’)30Ac + BuOH (2 1) 

2 AcOH dissolves the lead acetate 

After 15 20 minutes when Pb acetate is mixed well with Ti Butoxide sol La (N03)-( 6H2O 
(for PLT sol) or La (N03)3 6H2O + Ce(N03)3 6H2O (for PLOT sol) mixed with 0 5 gm 
AcOH is poured in it In this stage there forms a white precipitation m the flask (due to 
flocculation) Addition of 3 4 drops of water restores the clanty of the sol In this last 
stage sol IS stirred for 30 minutes and finally the yellowish transparent and viscous sol is 
transferred to a polyvinyl container and stored in a vacuum dessicator It is called 
precursor sol Table 2 3 shows the amounts of the vanous chemicals used in a typical sol 
preparation In all cases the sols are prepared to yield 0 01 mole formula unit in 10 ml 
volume 


Table 2 3 Amount of chemicals used for the preparation of 0 01 M sol 


Sol formula 

La(N03)3 6H2O 

Ce(N03)3 6H2O 

Pb acetate 

Ti butoxide 


(gm) 

(gm) 

(gm) 

(gm) 

PL15T 

0 65 

0 00 

3 424 

3 276 

PL12C03T 

0 52 

013 

3 424 

3 276 

PL10C05T 

0 43 

0 22 

3 424 

3 276 

PLosCovT 

0 347 

0 304 

3 424 

3 276 

In all cases the amount of acetic acid mixed with 1 

mixed with ti butoxide is 1 2 gm 

^b acetate is 2 4 gm and that 
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Fig 2 2 shows the flow diagram of the preparation of PLT and PLCT sol 



Fig 2 1 Arrangement for sol preparation 







Fig 2 2 Flow diagram for the preparation of PLT/PLCT sol 




















2 1 3 Substrate Cleaning 


Different substrates have been used for the preparation of ferroelectnc thin films 
[4 5 37 9 39 42 7 13 10 11 8 12 55] For phase and microstnictural study MgO (100) 
single crystal epitaxial Pt Si (100) fused quartz sapphire (0001) platinized MgO 
SrTiOs etc have been used For electro optic studies glass (coming) coated with 
transparent and conducting Indium Oxide (ITO) is used For electncal studies platinized 
Si Si coated with RuOs Pt/Ti/SiOj/Si Si/Ti02/Pt Pt/Si02/Si Pt/Mg0/Ru02/Ru/Si02/Si 
Ru02/RuyMgO etc are used In our study polished and polycrystalline Pt substrates as well 
as sapphire have been used The Pt substrates (lOx 10x08 mm^) are first mounted on 
bakelite stubs and polished on a velvet polishing cloth fixed on a rotating wheel with water 
suspension of 1 pm Buehler 'jJ AI2O3 powder After polishing the substrates are checked 
in an optical microscope and repolished until free of scratches 

Cleaning is the next step of polishing For cleaning the following steps are 
followed one after another 

1 Substrates are ultrasomcated m a 100 ml beaker in soap tnple distilled water 
for a few minutes 

2 Substrates are ultrasomcated 4 5 times m tnple distilled water until free of 
polished particles 

3 Substrates are washed in acetone for 2 3 times 

4 Finally substrates are ultiasomcated with ethanol twice 

Aftei cleaning the substrates are allowed to dned in open air and then kept m small 
plastic container covered with clean cotton The containers are kept m dessicator and used 
for the film preparation 

2 14 Preparation of Film 

Film is deposited on the cleaned substrates using the precursor sol For film 
preparation this precursor sol has to be diluted to 0 30 0 25 M with a 1 1 acetic acid and 
propanol solution For this dilution 1®' the volume of the precursor sol is measured by 
means of a clean and dry measureing cylinder Then the following formula is used for the 
dilution of the sol 

SiVi= S2V2 
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Where Si = Concentration of precursor sol m moles/lit 
= (0 01xl000)/10 = 1 M 

V 1 = Volume of the precursor sol ~ 10 ml 

Sa = Concentration of dilute sol ~ 0 25 0 30 M/ht 

Va = Volume of the diluted sol = ^ 

So Va =(10x l)/(0 25)=40ml 

The propanol acetic acid added = (40 10) ml = 30 ml 
The sol usually showed some turbidity at this stage Addition of 1 or 2 drops of water 
removes this turbidity According to Liples et al [57] ratio of the water and total molar 
concentration of hydro lizable cation should not be more than 0 5 

Diluted sol is spin coated on the cleaned Pt and sapphire substrates Research 
centrifuge (R 24 Remi instruments India) is used for this purpose In spin coating molar 
concentration of sol spin speed (oi) and duration of spinning determines the film 
thickness The relation between thickness (t) of the film and spin speed is as follow [5 ?J 

t = kco" (2 2) 

where k is a constant which depends on the evaporation rate viscosity and 
molecular weight of the sol and n is the spin coefficient 
In this study a spin speed of ~ 5000 rpm and time of ~ 20 sec is used 


2 15 Drying and Heating 

The spin deposited film on the substrate is still wet Large amounts of solvent 
remain entrapped in the pores of the film which should be removed by drying During 
drying the films may crack due to capillary forces set up m the fine pore pocket entrapping 
solvent [5*1] This force is higher in narrower pores The pore size distnbution can be 
changed using different pH and water contents for hydrolysis Base catalyst with lowei 
water contents yield larger pores of uniform distnbution Another way to avoid cracking is 
to add a surfactant [60] m small quantities Acetone and alcohols have lower surface 
tension than water However their vapour pressures is high and thus evaporate quickly 
Some drying controlling chemical additives (DCCA) [6d] such as formamide or dimethyl 
formamide oxalic acid and glycol can be added to solvent which cause narrow pore size 
distnbution and reduce differential stresses cause cracking However the problem of 
cracks is not severe in films of small thickness 
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A quartz tube furnace is used for the heat treatment of the films with a 
programmable temperature controller A chromel alumel (K type) thermocouple 
connected with the temperature controller is kept close to the sample inside the furnace to 
control the temperature of the furnace After every coating the sample is kept in an 
alumina boat and inserted into the furnace maintained at a preset temperature It is kept in 
the furnace for 15 minutes and then quenched to room temperature This cooling and 
heating cycle is earned out 25 times to produce films of about 1 2 pm thickness This 
finng of sample is done in oxygen ambient The inlet from the oxygen gas cylinder is 
connected to one end (gas inlet) of the quartz tube and other end (gas -outlet) is dipped 
into water through a mbber tube Gas flow rate is controlled roughly by counting the gas 
bubbles released per minute through water After the final finng the coated sample (25 
coats) is annealed at a higher temperature 

Majumder [6;^] have pioposed two types of heat treatment 

1 Finng at 400° C and then annealing at 700° C - that is called low 
intermediate temperature rapid finng (Iirf) 

2 Finng at 600° C and annealing at 700° C - that is called higher 
intermediate temperature rapid finng (hirf) 

Fig 2 6 shows both types of heat treatment schedule 

In case of lirf due to finng at low temperature there form a number of nucleation 
sites but crystallization does not occur When this film is annealed finally at 700°C small 
and uniform grained film forms In case of hirf the crystallization start with the formation 
of nucleation sites at intermediate temperature 600° C so that a microstruclure of 
relatively large and nonumfomi grain sizes and distnbution can be expected 
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Fig 2 3 (a) Low intermediate rapid fired (lirf) and (b) high intermediate rapid fired (hirf) 

heating schedule 


2 16 Film Preparation for TTT Diagram 

The as deposited films are amorphous and after heat treatment turn into 
perovskite crystalline stmcture from amorphous But there is the possibility of pyrochlore 
phase to exist as the intermediate phase which depends on the rate of heating temperature 
of heating time of heating substrate nature ambient etc For studying the effect of 
temperature and time the PLT thin film of composition Pbo9Laoi5[Tio9625Doo375]03 is 
prepared separately by the same sol gel technique It is deposited on the polished and 
cleaned polycrystalhne Pt substrates by spin coating method similarly Just after every 
deposition the films are directly inserted into the quartz furnace preheated at 300° C and 
held for 15 minutes in O 2 ambient After heating the film is quenched m room 
temperature This heating and coating cycles are repeated for five times Then the film is 
annealed in temperature vaned from 350°C to 500° C and annealing time vaned from 1 
mm to 60 mm respectively After aimealing the films are quenched m to air The phases 
are determined by X ray diffraction study 
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2 2 Characterization 


2 2 1 Measurements of Electrical Properties 


Polarization vs electnc field hysteresis loop and frequency dependent dielectric 
constant and dielectric loss of the films are measured 

Gold palladium (Au Pd) electrodes of 0 05 cm diameter are deposited on the film 
by means of D C sputtenng ( Hummer VIA sputtenng unit) perforated (0 05 cm) thin 
aluminum sheet musk of the film The parameters used dunng sputtering are given in the 
Table 2 4 

Table 2 4 Operating parameters for sputtenng deposition of electrodes 


Parameters 

Value 

Gas used 

Ar 

Gas pressure 

55 70 mtorr 

Voltage 

<5V 

Current 

10 amp 

Time 

10 15 mm 


Fig 2 4 shows the sample configuration for electncal measurement 


Pt / Au-Pd ( top electrode ) 0 5mm 


Film 


Pt ( bottom electrode ) 



Fig 2 4 Sample configuration for electncal measurement 
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Silver top and bottom 
electrode probe 

Ceramic block 



Fig 2 5 Sample Holder 

The schematic diagram of the sample holder used for the measurement of the electrical 
properties is shown in Figure 2 5 [ 67 ] It is made of two stainless steel plates A mica sheet 
wound with a heating coil is positioned m between these steel plates insulated from the 
coil The upper stainless steel plate is partially covered by 0 2 mm thick silver foil Two 
pointed silver probes (top and bottom) insulated from each other are fixed on the silver 
foil A thermocouple can be also kept near the film to measure its temperature during 
high temperature measurements This sample holder can be used up to 250° C 


2 211 Hysteresis Loop Measurement 

Change of polanzation (P) with applied electnc field (E) is the most important 
measurement for the ferroelectnc matenals This yields the characteristic hysteresis lop It 
is measured by Sawyer Tower circuit shown m figure 2 6 Here the film acts as a capacitor 
and It IS in senes with an integrating capacitor C The capacitance C is selected to be 
much higher than the sample capacitance to allow most of external voltage to be applied 
at the sample The voltage appearing across the integrating capacitor is directly 
proportional to the surface Charge and hence the polanzation of the ferroelectric 
capacitor So by connecting the top and bottom electrodes to an oscilloscope we can 
observe the hysteresis loop of the sample 


35 


Sample 


PC with a GPIB card 


Fig 2 6 The Sawer Tower Circuit 

The polanzation charge and field across the sample can be calculated from the 
relation 

P = CV,/A (laC/cm^) (2 3) 

E = V,/t (KV/cm) (2 4) 

Where A = Area of the dot electrode on the film 
t = Thickness of the film 
V, = Voltage across the film 

2 212 Dielectric Measurements 

The dieleetnc constant (&) and the dielectnc loss factor (tan 5) are measured ustng 
an impedance analyzer (HP 4192A) The frequency is vaned from 1 kHz to 1 MHz The 
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change of capacitance is measured with the change of frequency and from this capacitance 
the dielectric constant is calculated using the formula 

s = Cd/soA (2 5) 

where so = Peimittivity of vaccum 
d = Thickness of the film 
A = Area of the electrode 
C = Capacitance 

Loss factor is displayed directly by the instrument 

2 2 2 X-Ray Analysis 

The X ray diffraction of the film is earned out to detect the phases and to calculate 
the lattice parameters For this purpose we used an X ray diffractometer (Rich Seifert Iso 
Debyeflex 2002 Germany ) CuKa radiation ( = 1 5405 A° ) is used with a Ni 

monochromator Table 2 5 shows the operating conditions used 

Table 2 5 Operating parameters for X ray diffraction 


Charactenstics 

Values 

Accelerating Voltage 

Accelerating current 

Scanning speed (ss) 

Chart speed 

Time constant(Tc) 

Counts per minute(CPM) 

Range of Scanning 

30 kV 

20 mA 

3°/mm 

3 cm/min 

10 sec 

5 K 

20° 60° 


The value of d the mterplaner spacing is used to calculate the index of the 
corresponding phases The d value was calculated from the Bragg s law 

nX = 2dSin0 (2 6) 

where 0 = Bragg s angle 

n = Order of diffraction here n is taken as 1 
X ray wave length (~ 1 54 A°) 
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For the tetragonal system the lattice parameters have been calculated [63] using the 
following formula 

1/d^ = (h^ + k^)/a^ + 1^/c^ (2 7) 

where h k 1 = Miller indices of the tetragonal system 
The 1®' step is to calculate approximate values of aj and c\ the lattice parameters from the 
positions of the two highest angle lines The approximate axial ratio Ci/ai is then 
calculated and used m eqution 2 8 to determine a values for each high angle line on 


a = 



1/2 


(2 8 ) 


the pattern These values of a are then extrapolated against cos^B to find a more accurate 



— 


A 

AV( 

h +/^)+/^ 

c — 

ISinQ 



1/2 


(2 9) 

value of a say The value of cj is found in similar fashion by use of the equation 2 9 
and again it extrapolate against cos^B The process is repeated with the new value of the 
axial ratio to yeild more accurate values of the parameters C 3 and 83 Generally 5 6 
extiapolations are enough to find out almost exact value of the lattice parameters We use 
a programme (appendix A) to make these calculations 
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Chapter 3 


Results and Discussions 


In this chapter we first discuss the X ray diffraction data of the PLT and PLCT thin 
films in detail Then we discuss the TTT diagram of PLT films In the second part we 
discuss the electrical properties i e hysteresis loops and dielectric properties of the films 
Finally we tned to optimize the properties of the samples and draw the conclusion 


3 1 Phases m the films 

The phases present in the films are determined by X ray diffraction Fig 3 1 and 
3 2 show the X ray diffractograms for the films with Ce/La ratios equal to 0/15 03/12 
05/10 and 07/08 on Pt and sapphire substrates respectively Table 3 1 and 3 2 give the 
peak positions (from Figs 3 1 and 3 2) indexed for PLT films according to the data from 
literature summanzed in Table 3 3 [56 37 38 10 12] Table 3 4 gives the data for PbTiOa 
from JCPDS files It may be noted that the data summanzed in Table 3 3 are obtained for 
films prepared by different methods and subjected to different heat treatments 



Intensity (arb units) 



Figure 3 1 X ray diffractogram of the films (a) PL15T, (b) PL12C03T (c) PL10C05T and 
(d) PL08C07T on Pt substrate 


40 



Intensity (orb units) 



26 (degrees) 


Figure 3 2 X ray diffractogram of the thin films (a) PL 15T (b)PLi2Co3T (c) PL10C05T 
and (d) PLogCovT on sapphire substrate 
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Table 3 1 Summary of X ray diffraction data for films on Pt-substrates all films have 
the perovskite structure data is for two sets of samples 


20 for the films 

hkl 

PL15C0T 

PL12C03T 

PLioCojT 

PL08C07T 

22 6 

22 8 

22 5 

22 5 

100 

22 7 

22 5 

22 6 

22 6 


32 4 

32 4 

32 0 

32 0 

no 

32 1 

32 0 

32 

32 0 


39 1 

39 0 

39 1 

39 1 

111 

39 9 

39 8 

39 8 

39 7 


46 0 

46 2 

46 0 

46 0 

200 

46 4 

46 2 

46 3 

46 1 


52 0 

57 1 

51 9 

51 7 

210 

52 0 

51 7 

51 7 

51 6 


57 3 

57 0 

57 2 

57 1 

211 

57 4 

57 0 

57 

57 0 



Table 3 2 Summary of X ray diffraction data for films on sapphire substrates all films 
have the perovskite structure 


20 values for the films 

hkl 

PLisCoT 

PL, 2 Co 3 T 

PL10C05T 

PLogCorT 

22 75 

22 7 

22 7 

22 5 

100 

32 25 

32 2 

32 2 

31 9 

110 

39 6 

39 6 

39 6 

39 5 

111 

46 4 

46 35 

46 35 

46 15 

200 

52 1 

52 0 

52 0 

51 9 

210 

57 4 

57 3 

57 3 

57 2 

211 
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Table 3.4: X-ray diffraction data for PbTi 03 (PT) thin film from JCPDS file 
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In general in the fabrication of ceramic films by the chemical methods 
crystallization temperature of the film is kept slightly higher than the decomposition 
temperatuie of the precursors So the crystallization temperature depends on the precursors 
used In the present study the films had been finally treated at 700° C in oxygen ambient 
to get complete ciystalhzation and fully perovskite phase 

In contrast to the X ray diffractogram for PT film (Fig 3 3) X ray diffractograms 
for PLisT thin films (Fig 3 1 and 3 2) show no peak splitting for the (100 001) or (101 
110) peaks The 20 values observed foi the (001 or 100) and (101 or 110) diffraction 
peaks of PLT thin films are mtennediate to the (100 001) and (110 101) diffraction peaks 
of PT films Similar observation has been reported by others [37 42 10 12 55 46] also It 
has been suggested that the PLT thin film is possibly pseudo cubic in nature 




20 (deg) 


Figure 3 3 X ray diffraction pattern of (a) PbTiOs powder (b) PbTi 03 film sputter 
deposited at 10 Pa gas pressure and (c) C axis onented PbTiOs film sputter deposited at 1 

Pa gas pressure [4] 
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Nature of the X ray diffractogram of the PLT and Ce doped PLT thin films are 
almost same However the relative intensity of the peaks changes significantly with 
composition indicating texture effects Table 3 5 and 3 6 show the vanation of the relative 
intensities (I/Iq) for different compositions of PLCT films 


Table 3 5 Variation of I/Iq for PLT films with different compositions on Pt substrate 


Index 

I/Io fort] 

le films 

PLisCoT 

PL12C03T 

PL.oCosT 

PLosCovT 

001 100 

4 1 

20 

63 

40 


14 

28 

75 9 

49 9 

101 110 

100 

100 

100 

100 


100 

100 

100 

100 

210 

3 74 

5 55 

09 

07 


11 

11 8 

09 

11 

211 

13 

18 

23 

14 7 


23 6 

16 25 

19 5 

21 


Table 3 6 Variation of I/Iq for PLCT films of different compositions on sapphire substrate 


Index 

I/Io values of the peaks 

PLi^CoT 

PLizCobT 

PL10C05T 

PLosCotT 

001 100 

15 

30 

66 

34 8 

101 no 

100 

100 

100 

100 

111 

27 4 

26 4 

23 

27 

002 200 

11 3 

22 2 

53 

26 

210 

75 

11 

10 

08 

211 

26 4 

19 4 

27 

28 


On Pt the ( 111 ) and ( 200 ) peaks coincide with the ( 111 ) and ( 200 ) peaks of Pt-substrate 
so that the I/Io values for these two peaks could not be determined 
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Presence of preferred orientation (texture) in the films depends on vanous factors 
like the substiate temperature [40] nature of substrate [42] process of deposition ambient 
[61] etc Films with (OOl) texture are prefened for pyroelectnc and piezoelectnc 
applications because of their high pyroelectnc coefficient and low dielectric constant in 
the c diiection The composition of a film can significantly affect its texture Y M Kang et 
dl [13] showed that for the pulse laser deposited PLT thin films the degree of c axis 
orientation 90° domain configuration and the quality of the crystals depends on the La 
concentiation With the La concentration in between 12 to 16 at % the films show fully c 
axis onentation From TableS 5 and 3 6 and Fig 3 4 it can be observed that with the initial 
mciease of Ce concentration the c axis orientation of the films increase Above 5 at % Ce 
this trends is reversed and the c axis onentation of the films decreases From Fig 3 4 it can 
be see that the data is quite reproducible and does not depend on the nature of the 
substiate 



Figure 3 4 Vanation of I(ooi)/Io with Ce atom % on (a) and (b) Pt substrates and (c) 
sapphire substrate 


47 



3 2 Lattice Constant 


As descnbed in chapter 2 attempt has been made to determine the lattice 
parameters using the (211) (210) (110) and (100) peaks The results are given m Table 
3 7 It IS seen that the result are not accurate as c/a <1 is obtained More expenments are 


Table 3 7 Lattice parameter for the films 


Film 

c(A“) 

a(A^) 

c/a 

PLisCoT 

3 97 

4 02 

0 99 

PL 12 C 3 T 

412 

4 07 

1 01 

PL,oCo 5 T 

3 92 

3 97 

0 99 

PL 08 C 07 T 

3 99 

3 96 

1 01 


needed to determine the lattice parameters Data from literature [13] is summanzed in 
Table 3 8 for comparison 

Table 3 8 Variation of the lattice parameters with the vanation of La concentration [24] 


La cone 

c(A") 

a(A'^) 

c/a 

0 00 

4117 

3 925 

1 049 

0 04 

4 060 

3 926 

1 034 

0 08 

4 097 

3 929 

1 030 

0 12 

4 018 

3 932 

1 022 

0 16 

4 026 

3 931 

1 024 

0 20 

3 981 

3 929 

1 013 

0 24 

3 970 

3 927 

1 on 

0 28 

3 959 

3 917 

1 on 
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3 3 TTT Diagram 

As mentioned earlier the films are dried at 300^ C after successive coatings To 
detemrine the TTT diagram aftei the final diymg step the films are isothermally treated at 
different tempeiatures for different times and the resulting phases are determined 

Fig 3 5 shows the X ray diffractogram of the PLT film heated at 400° C for 60 
minutes In this case the film is fully amorphous in nature Similar was the case for the 
film annealed foi 10 minutes This observation is contradictory to the result obtained by 
Schwartz et al [37] They worked on PLT (La 10) film and showed that the film becomes 
almost fully perovskite at 400°C However their substrates and the precursor reactants for 
the sol preparation were different from our case 

Fig 3 6(a to c) shows the X ray diffractograms of PLT film treated at 450°C for 10 
minutes 30 minutes and 60 minutes respectively After 10 minutes treatment at 450°C two 
peaks appear at 29 2° and at 57° Peak at 29 2° is most probably due to the p 3 Tochlore 
phase Pb2Ti206 [38] and the peak at 57° (211) indicates the starting of the perovskite 
formation m the PLT film After 30 minutes annealing at 450° C there is present a broad 
peak at 31 9° which is the peak for perovskite (110) The peak due to the pyrochlore phase 
has disappeared After annealing for 60 minutes at 450° C the film is fully perovskite 

Fig 3 7(a to c) show the X ray diffractograms of the PLT film annealed at 500° C 
for 1 minutes 10 minutes and 60 minutes respectively After 1 minutes the PLT film 
crystallizes partially Only the (110) perovskite peak is present and no pyrochlore peak 
appears The film crystallizes fully into perovskite phase after annealing for 10 minutes 

The X ray data of the isothermal treatments is summanzed m Table 3 9 Based on 
this data a TTT diagram for the PLT thin film has been constructed and is shown in Fig 
3 8 The corresponding TTT diagram of PZT thin films determined by Majumder 
[64] IS shown 111 the Fig 3 9 It is seen that the PLT film crystallizes at much lower 
temperature than the PZT thin film prepared under similar condition In the PLT film 
formation of the pyrochlore phase is restricted to a very small region in the TTT diagram 
and It persists only for a small time Thus La favors early crystallization and formation of 
the peroivskite phase 
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Figure 3 6 X ray diffractogram of PL15T thin film annealed at 450°C for (a) 10 mm 


(b) 30 mm and (c) 60 mm 


_.nT KAWWi ^ 
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20 (degrees) 





Figure 3 7 X ray diffractogram of PLisT thin film annealed at 500°Cfor (a) 1 min (b) 
1 0 mm and (c) 60 min 


2 0 (degrees) 
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3 4 Electrical Properties 


In this section we first discuss the ferroelectnc hysteresis loops for the PL15T and 
PLCT thin films and their relative properties Secondly we discuss the dielectnc 
properties of the films 


3 41 Study of Ferroelectric Properties 

Substantial amount of data has been reported in literature for PL15T films We first 
present our results for PL15T films (15 at % La and 0 at % Ce) and compare these with the 
data from the literature A collection of hysteresis loops for PL15T films is shown in Fig 
3 10 The values of the parameters Ps (Saturation Polanzation) Pr (Remnant Polanzation) 
and Ec (Coercive Field) measured from these hysteresis loops are given in Table 3 10 
Similar data from literature is presented in Table 3 1 1 

Ferroelectnc properties of thin films depends on substrate matenal heat treatment 
condition precursor used etc Furthermore in the same film the characteristics may 
change from one device to another depending on the onentation of the crystals grain size 
defects, micro structure etc 

In the data summanzed m Table 3 11a large variation in Ps Pr and Ec are 
observed Ps is found to vary from 6 to 46 pC/cm^, Pr from 2 to 36 pC/cm^ and Ec from 3 1 
to 115 kV/cm No trend is apparent dependant on the method of preparation (sol gel or 
sputtering) The values for our samples (Table 3 10) are P* «24pC/cm^ Pr «15 pC/cm and 
Ec « 52 kV/cm These values are agree well with the values reported m literature as 

summanzed in Table 3 11 

The average values of P, for the PL15T films (Table 3 10) are consistent with the 
values obtained by Nagaoetal [40] and Meidong et al [64] But the values of B. of PL, 5T 
(Table 3 10) IS much lower than the observation of Nagao et al [40] Their observed value 
of E„ (1 1 5 kV/cm) IS about four times tagher than that of Irjima et a! [36] which suggests 
the existence of a large internal stress developed m the films due to the difference m 
expansion coefficients between the PL15T thin films and the substrates 

Kang et al [10] prepared PLijT thm films on the substrate with composition 
Pt(t500A»)m(1000AVS.Or(1000A»)/S.(100) using Sol Gel method They used air as the 

ambient and annealed the film at 650«C for 30 minutes TheP. P, and E. values of their 
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Table 3 10 Vaiiation of Pr and Ec values in PL 15 T film measmed on different devices 


Set 

No 

Device 

Code 

Ps(^C/cm^) 

Av Ps 

PR(liC/cm^ 

) 

Av Pr 

Ec(kV/cm 

) 

Av Ec 


PLisTlS 

22 5 


12 5 


55 0 



PLi,T20 

20 5 


12 5 


55 0 



PL,5T23 

22 5 


14 5 


55 0 



PL,5T27 

24 0 


14 5 


53 0 


I 

PL 15 T 35 

21 5 

24 5 

14 0 

15 8 

55 0 

52 8 


PL,sT36 

34 0 


22 5 


48 0 



PL 15 T 37 

24 0 


16 0 


52 0 



PLi5T38 

24 0 


16 0 


52 0 



PL 15 T 39 

28 0 


20 0 


50 0 



PL 15 TO 5 

182 


12 7 


62 7 



PL 15 TO 8 

23 8 


13 6 


54 5 


II 

PL 15 TIO 

35 0 

24 4 

22 5 

15 1 

46 5 

52 3 


PL 15 TII 

21 3 


13 1 


51 7 



PLisflS 

23 5 


13 6 


46 0 
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Tible 3 11 V'lmlioii of Ps P, and Ec for the PL 15 T films reported in literature 


Rel 

Detail of the sample 



M 

[37] 

Schwait/ 
et al 

410 nm films piepaied by Sol Gel method 
on PI/T 1 /S 1 O 2 /S 1 substrates Films were 
annealed at 600° C for 30 min 

18 75 

50 

57 0 

[ 10 ] 

Kang et 
al 

-480 nm films were prepared by Sol Gel 
method on Pt/Ti/SiOa/Si substrates Films 
weie annealed at 650° C for 30 min 

6 67 

2 67 

31 7 

[40] 
Nagao 
et al 

150 nm thick films prepared by Rf 
sputtering method on (100) Pt and (100) 
MgO substiates 

— 

15 0 

1150 

[36] 
Iijima 
et al 

Films wcie picpared on (100) Pt substrate 
by if spultenng method 

46 0 

36 0 

35 5 

[64] 

L Meido 
ng et al 

Films were piepared on several substrates 
by Sol Gel method 

— 

17 0 

46 0 


480 nm thick films are quite different from the values obtained by us (Table 3 10) for 
PL 15 T films This difference may be due to difference m thickness of the films substrate 
naluic of the film or the difference m the heat treatment The V, Pr and E, values obtained 
from the paper of Iijima et al [36] also differ from our observed data (Table 3 10) but they 
used MgO single crystal and epitaxial Pt substrates for the film preparation and had the 

better C axis ouentation a = 0 67 

The value of Ec (Table 3 10) obtained by us is almost twice the value obtained by 
Kang et al [10] and Iijima et al [36] which indicates the presence of stress in the films It 

IS known that high stress may develop m sol gel deposited films 

Fig 3 11 fig 3 12 and Fig 3 13 show the hysteresis loops of the PL 12 C 03 T 

PL,„Co 5 T and PLo«Co 7 T films respectively P, P, and E« values from these hysteresis loops 

are shown in Table 3 12, 3 13 and 3 14 respectively 
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PLi2Co3Tp5 PL,2Co3Tto7 PLi2Co3Tp9^-^ PL 12 C 03 TIO 




(^UJD/Orf) UOI}DZlJD)Od 


Figure 3 11 Hysteresis loops for the different devices on PL12C03T films the last two 
digits represent the number of the device 
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PL10C05TO2 pLioCos'nOS pLioCosTIO, 7 Pi-10 C05T 12 



Figures 12 Hysteresis loops for the different devices on PLioCosT films the last two 

digits represent the number of the device 
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T iblc 3 12 ViiiUion of in Ps Prand Ec in PLt 2 Co 3 T films for different devices 


Set 

No 

Device Code 

Ps()J.c/cm^) 

AvPs 

Pr(|ic/cm^) 

Av Pr 

Ec(kV/cm) 

- 

Av Ec 


PL,2Co3T05 

31 0 


19 0 





PL,2Co3T07 

18 5 


12 5 





PL 12 C 03 TO 9 

22 5 


12 5 





PL 12 C 03 TIO 

22 5 


14 0 


48 0 


I 

PL,2Co3TU 

21 0 

28 6 

14 0 

17 8 


50 5 


PL 12 C 03 TI 9 

20 0 


14 0 


45 0 



PL 12 C 03 T 2 O 

22 0 


14 0 


52 0 



PL,2Co3T21 

52 0 


32 0 





PL12C03T22 

48 0 


29 0 





PL 12 C 03 TOI 

32 0 


18 0 





PL 12 C 03 TO 4 

34 0 


22 0 


■H 


11 

PL 12 C 03 TO 8 

22 0 

28 3 

19 0 

18 4 

490 

53 0 


PL 12 C 03 TI 2 

30 0 


19 0 





PLn.CniTia 

23 5 


13 5 



J 
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Tables 13 Vauation in Ps P, and Ec in PL10C05T filnas for different devices 


Set 

No 

Device Code 

Pi((a,c/cm^) 

AvPs 

Pr(|j.c/cm^) 

mi 

IHI 

■H 


PL,oCo5T02 

45 0 


28 0 


67 5 



PL,oCosT03 

46 0 


28 0 


64 0 



PL 10 C 05 TIO 

66 0 


38 0 





PL,oCo 5 T 12 

66 0 


38 0 


45 0 


I 

PLioCo,T15 

43 0 

54 9 

28 0 

33 8 

65 0 

58 4 


PLioCosTl? 

55 0 


35 0 


59 0 



PL,oCo5T21 

55 0 


36 0 


63 0 



PL 10 C 05 T 26 

66 0 


38 0 





PL,oCo5T28 

52 0 


35 0 


52 0 



PLioCosTOe 

62 0 


36 5 


52 0 



PL 10 C 05 TO 8 

64 0 




57 0 



PLioC()5T09 

55 0 

58 3 



54 0 

51 0 

11 









PL10C05TI4 

49 0 




49 0 



PL10C05TI7 

61 0 




43 0 
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Tabled 14 VamtionmP, P, and F m pt r' t n r i 

s r, ana Lc m PLogCo?! films for different devices in 


Set 

No 

Device C ode 

Ps(pc/cm^) 

AvPs 

Pr(pc/cm^) 

AvPr 

Ec(kV/cm) 

AvEc 


PLosCo? 1 01 

46 0 


30 0 


65 0 



PLogCo?! 05 

60 0 


34 0 


60 0 



PLogCoylOS 

34 0 


22 0 


65 0 



PL()sCo7l 11 

52 0 


34 0 


58 0 



PLogCovTl? 

30 0 


18 0 


65 0 


r 



43 0 


27 6 


68 6 


PL 08 C 07 TI 9 

34 0 


24 0 


80 0 



PL 08 C 07 T 2 I 

35 0 


25 0 


72 0 



PLokCo7T23 

75 0 


46 0 


72 0 



PL 08 C 07 T 29 

40 0 


28 0 


83 0 



PL 08 C 07 T 35 

25 0 


15 0 


66 0 



PL 08 C 07 TO 3 

40 0 


26 0 


73 0 



PL 08 C 07 TO 5 

48 0 


27 0 


70 0 


ii 

PL 08 C 07 TO 8 

43 0 

36 2 

25 5 

22 3 

68 0 

62 4 


PL 08 C 07 TI 3 

32 0 


21 0 


50 0 



PLo 8 Co 7 ll 7 

180 


12 0 


61 0 



Fig 3 14 and 3 15 shows the variation of Ps Pr and Ec with change in Ce at % m the films 
respectively As the La/Ce ratio decreases Ps and Pr values increase first but after 5 at % 
of Ce, they decrease As the c axis is the polanzation axis enhanced ferroelectnc 
properties can be expected with the high value of c axis onentation in the films Earlier 
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Table! 14 VanUion m P, P, and T m PT r t , 

, ana Lc in PLogCo?! films for different devices in 


Set 

No 

Device C ode 

Ps(pc/cm^) 

AvP, 

Pi(pc/cm^) 

AvPr 

Ec(kV/cm) 

A\ E 


PLogCo?! 01 

46 0 


30 0 


65 0 



PI osCovlOS 

60 0 


34 0 


60 0 



PLogCo7 1 08 

34 0 


22 0 


65 0 



PL 08 C 07 TI 1 

52 0 


34 0 


58 0 


I 

PLo8C()7T17 

PI ()8Co7ll9 

30 0 

43 0 

180 

27 6 

65 0 

68 6 


34 0 


24 0 

80 0 


PI 0«Cq7121 

35 0 


25 0 


72 0 



PI ()«Co7l23 

75 0 


46 0 


72 0 



PLoaCo7T29 

40 0 


28 0 


83 0 



PI ohCo7T35 

25 0 


15 0 


66 0 



PL 0 HC 07 TO 3 

40 0 


26 0 


73 0 



PLoaCo7T05 

48 0 


27 0 


70 0 


11 

PL 08 C 07 TO 8 

43 0 

36 2 

25 5 

22 3 

68 0 

62 4 


PI O 8 C 07 TI 3 

32 0 


21 0 


50 0 



PI ()8Co7T17 

18 0 


12 0 


61 0 



Fig 3 14 and 3 15 shows the variation of Ps Pr and Eo with change in Ce at % m the films 
respectively As the La/Ce ratio decreases Ps and Pr values increase first but after 5 at % 
of Ce, they deciease As the c axis is the polarization axis enhanced ferroelectnc 
properties can be expected with the high value of c axis onentation in the films Earlier 
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while discussing the icsulls of phase study by X ray diffraction in section 3 1 1 we had 
seen th it the e ixis onentation in oui fihii is maximum for 5 at % Ce films (Fig 3 4) Thus 

the high V due ol the P,, and P, at this composition can be attnbuted to increased C axis 
Client ition in the lilm 

Aeeoidmg to Tible 2 1 ladiiis of Ce'^ and Ce’*’'' both are within 15% (Goldschmidt 
lule) of the i idious of La So there is a high chance for Ce to go to the A site in PLT 
films ind substitute foi La As the donor dopants increase the domain wall mobility and 
cnhinee the dielectiic and ferioelectiic properties [6ti] it can be concluded that relative 
occup iney of Ce at A site inciease upto 5 at % of Ce After on further addition of Ce 
most piob ibly it starts to precipitate a sepaiate phase Majumder [61] worked on Ce doped 
PZT thin film system and showed that the values of Pj and Pr increase up to 1 atom % Ce 
and decicT.se foi Cc> 1 atom % Although Ce02 had not been detected by X ray or SEM 
below 10 % Ce Majumdei concluded that Ce precipitated CeOa above 1 mole % of Ce 
doping ind so dcci eased the hysteresis loop properties This is consistent with our case 
also Most probably m films with Ce > 5 atom % precipitation of CeOa occur and 
deci cases the hysteiesis loop characteristics due to pinning effect of the domain wall i e 
mobility of the domain wall decreases 

Variation of Ec values with the amount of Ce m PLCT thin films is quite consistent 
with the above discussion Although it is hard to explain the slight increase of the values 
of Et foi PL 12C03T film from PL15T thin film the decreasing trend of Ec upto PL12C03T 
and then its sudden mciease is quite logical 


3 4 2 Simulation of hysteresis loop 

Polarization curve is related with the entire circuit rather than only the ferroelectric 
capacitor Variation in the process parameters and techniques may also influence the 
natiiic of the curves Eenoelectric materials have wide vanety of physical features Miller 
el al [67] developed a physical model to separate the actual ferroelectnc effects from other 
effects They have developed a model to simulate this behavior of a device and extract the 
material parameters Their physical model is shown m Fig 3 16 It consists of a 
fcnoelectric capacitor circuit element containing a switchable ferroelectnc layer of 
thickness dr between two non switchable dielectnc layers one each adjacent to the 

electrodes 
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Fig 3 16 Physical model for hysteresis loop simulation [67] 



r,g 3 n Modified Sawyer Tower eircmt with parasite resistance used for simulation of 
the hysteresis loop[67] 
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Fig 3 17 shows the modified Sawyei Tower circuit used in this physical model Appendix 
B dcsciibos that physic il model 


In Fig 3 17 the lollowing notifications are used 
V|(t) = Voltage input 

Vo(I ) = Voltage output across the standard capacitor 

Cn = Capacitance of standard capacitors 

Rf = Resistance of ferroelectnc layer 

Rn = Resistance of standard capacitor 

dp = Dielectric layer thickness 


To detcimine the simulated hysteresis loop we use a computer programme (appendix C) 
Ilcie Pi Pi Ec and Rf arc the variables among the all parameters A high value resistance 
of fcrroelcctiic hyei (Ri) have been assumed and the Ps Pr and Ec values from the 
expeiimcntal data are used to simulate the loop These values have been changed to get the 
best fit of simulated loop with the conesponding experimental loop Fig 3 27 shows the 
simulated and experimental loops foi PL15T PL12C03T PL10C05T and PLogCoiT 
respectively Table 3 15 Shows the simulated and experimental parameters of the PL15T 
PLi2Co3T,PLioCo 5T and PLogCo7T films respectively 
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Tabic 3 15 V iriation of simulated and 


experimental hysteresis loops 


Ihm 1 ilm 

Dt(A') 


Ps(pc/cm^) 

Pr(pc/cm^) 

Ec 

PLisT (Sim) 

0 00 

10'^ 

26 5 

140 

48 46 

PLis 1 (Exp) 

— 

— 

23 1 

13 0 

48 46 

PL, 2 Co,T (Sim) 

0 00 

io‘^ 

40 0 

20 0 

48 5 

PL, CoiT (Exp ) 

— 

— 

36 0 

20 0 

48 5 

PLioCosT (Sim ) 

0 00 

10'^ 

63 5 

37 0 

54 0 

PLioCosT (Exp ) 

— 

— 

56 4 

34 4 

54 0 

PLorC () 7 T (Sun ) 

0 00 

10 *^ 

57 5 

36 3 

63 0 

PLorCovI (Exp) 

— 

— 

50 0 

32 2 

58 15 


Fiom this simulation some conclusions can be drawn 

1 The values of Ps and Pr have to be changed to match the simulated curves 
with the experimental one although the Ec values remain same in almost all the cases 

2 r lom Fig 3 27 it is clear that the hysteresis loop for the PL 12 C 03 T 
simulates the best 

3 Simulation suppoits the absence of non switchable dielectric layer 

3 4 3 Dielectric Characterization 

The dieleotnc pioperties of the thin fHms are charactenzed in terms of dielectnc 
constant (Sr) and loss factor (tan 5) These properties depend on the substrate electrode 
used temperature frequency of measunng signal etc Table 3 16 summanzes the data 
horn literatuie on the dielectric properties of the PLT thin films of different thickness La 
content and heal treatment temperature 
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1 \blc 3 16 Summarize data on dieleclnc properties of PLT from literature 


Rcl 

1 cmpeiature 
C'C) 

La content 
(atyo) 

Thickness 

(nm) 

Sr 

tanS 

[381 

700 

180 

440 660 

641 665 

013 055 


800 



759 818 


[37] 

6 OO" C/mm 

150 

410 

388 

04 

[ 12 ] 

— 

15 0 

' — 

457 

07 

111 ] 


50 

680 

630 




100 

670 

870 


18] 

, _ 

16 0 

300 

583 




20 0 


1130 


143] 


15 
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Fig 3 28 and I ig 3 29 show the variation of dielectric constant(sr) and dielectnc loss (tan5) 
with frequency for PL 15 T, PL 12 C 03 T, PL 10 C 05 T and PLogCo?! films respectively Fig 3 30 
and I ig 3 31 show the variation of average dielectnc constant (Sr) and dielectnc loss 
(tan 6 ) with the variation of Cc in PLT thin films measured at 100 KHz Dielectnc constant 
and dicltctiic loss values for the film PL 15 T film are consistent with the values obtained 
by Adachi ct al [43] ( 1070) and Schwartzm et al [37] (-0 07) respectively The trend m 
the dielccti ic constant variation is similar to the trend m Ps and Pr (Fig 3 24) For PL 10 C 05 T 
film the dielectric constant value is highest (~ 1520) and before and after this composition 
the dielectnc constant values diops abruptly In case of the vanation of dielectnc loss this 
trend is opposite For PL 10 C 05 T film the dielectric loss is minimum (~0 07) while before 
and afrei this composition the dielectric loss values increase suddenly In the discussion of 
the electiical pioperties (chapter 3 4 1 ) we have concluded that Ce upto 5 at % substituted 
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loi I I il A site ol lilt ptiovskilc PLT stiuctuie and acted as a donor Donor atoms 
intit ist iht mobility ol the doni tin wills This may be the cause for high Ps and Pr values 
in PI lo^osl film 1 h it is known to mcicased domain mobility enhance the dielectric 
piopoilits [6*i] 
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Chapter 4 


Conclusion 


In this woik the eftect of doping by Ce on tlic ferroelectric and dielectric properties 
of Icid luithiiium titnnte thin films has been studied For this study we chose the 
compositions ot the films is Pbo9Laoi5xCex[Tio9625]03 with x =0 0 0 03 0 05 and 0 07 
respectively We piep tied the films by sol gel method on polyciystalhne Pt and single crystal 
sapphiie substr ites by spin co iting method We studied the X ray diffraction of the films 
With incteasing Cc content the C axis orientation of the films increases I(ooi/Io value is 
highest foi the (ilm with composition PLioCo5T(~ >0 63 ) and decreases with further increase 
m Ce content I he time temperature transformation (TTT) curve of the PL15T thin film 
shows thU PI i-ii crystilli/cs from amorphous to complete perovskite phase relatively at 
much lowei lempci lUuc th in the PZl Ihm films Pyrochlore phase fonns as an intermediate 
phase but It exists foi a small lime only Doping of Ce m the PLT thin films enhance its 
propoUies Pr Ps and i , values of the P09L0 15 xCcxTio 9625O3 thin films increases upto 5 atom 
% Cc and deereast lapidly with further increase in Ce Saturation polanzation remnant 
polan/ition and coercive field values of this film (PLCT with 5 atom % Ce) are 55 kV/cm^ 
34 kV/cm^ and 58 kV/cm icspeclivcly Cc is seem to be a donor dopant which substitutes 
for La from A site and enhances the easy of onentation of the domain wall m a field But 
above 5 at % Cc, excess Ce precipitates as CcOa and decreases the electneal properties by 
pinning the domains Variation of the electrical properties with the Ce content in the films is 
m agreement with the data obtained from Iiooi/Io vs atom % Ce curve With this 
investigation it has been seen that PL10C05T has the best properties for the ferroelectnc 
applications among the investigated thin films 
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Appendix A 

Programming for the calculation of lattice 
parameters 


#include<stdxo h> 

#include<math h> 

#define lambda 1 54056 
#define pi 3 1416 
#define iteration 20 

main ( ) 

{ 

float theta[50] h[50] k[50] 1[50] a c c_a 

float sum_x sum_xx sum_y suin_yy sum_z sum_zz suin_xy suin_xz t b g cs_sq 

float m_a m_c c_y c_z p q al a2 bl b2 dl d2 

int 1=0 ]=0 n=0 

char ifile[10] ofile[10] 

FILE *fpt *spt 
system( clear ) 

printf( LATTICE PARAMETER CALCULATION FOR TETRAGONAL SYSTEM 

) 

printf( \n\n\n\n\n\n\n\n ) 

printf ( Enter Data File Name ) 

scanf ( %s &ifile) 
fpt = fopen(ifile r ) 
if (fpt == 0) { 

printf { Ihe File %s Does Not Exist In The Current 
Directory\n\n\n ifile) 
exit ( ) 

) 

sprintf (ofile %s tet ifile) 
spt = fopen(ofile w ) 

while ( f scanf ( fpt %f %f %f %f &theta[n] &h[n] &k[n] &l[n])'=EOF) 

{ 

n^ + 

) 

printf ( \n No of Data=%d\n\n\n n) 

/*Initial c/a calculation*/ 
p=sin (pi/ 180* theta [ 0] /2 ) 
q=sin (pi/180*theta [1] /2) 
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al=l[0]*l[0] 

a2=l[l]*l[l] 

bl=p*p 

b2=q*q 

dl=:{h[0]*h[0]+k[0]*k[0] ) 
d2=(h[l]*h[l]+k[lj*k[l] ) 
c_a=sqrt ( (a2*bl-al*b2) / {dl*b2-d2 bl) ) 

fprintf(spt LATTICE PARAMETER CALCULATION OF TETRAGONAL SYSTEM FOR THE 

INPUT FILE \ %s\ \n\n ifile) 

pri.ntf( Initial value of c/a = f\n\n c_a) 

fprintf(spt Initial value of c/a = f\n\n c_a) 

for (3=0 3<iteration 3++) 

{ 

sum_x=0 

sum__xx=0 

sum_y=0 

sum_yy=0 

sum_2=0 

sum_zz=0 

sum_xz=0 

sum_xy=0 

fprintf(spt Iteration No %d\n\n (3+I)) 
printf ( Iteration No %d\n (3+I) ) 

fprintf(spt 2 (theta) Cos ''2 (theta) a c\n ) 

for (1=0 i<=n-l 1++) 

{ 

t={pi/ 180 ) * (theta [i]/ 2 ) 
b=lambda/ (2*sin (t) ) 
g=(h[i]*h[i]+k[i]*k[i]) 
a=b*sqrt (g+ (1 [1] *1 [1] ) / (c_a*c_a) ) 
c=b*sqrt (g* {c_a*c_a)+(l[i]*l[i] ) ) 
cs_sq=cos (t) *cos (t) 
sum__x=suin__x+cs_sq 
s um_xx=s uin_xx+cs_s q* cs__s q 
s uia_y=s uia_y+a 
s um_y y= s um_y y +a * a 
suin_z=sum_z+c 
sum_zz=sum_zz 4 c*c 
sum_xy=sum_xy-t cs_sq*a 
sum_xz=sum_xz+cs_sq*c 

fprintf(spt \n %5 5 f %15 5 f %15 5 f %15 5 f theta[i] cs_sq a c) 

1 

m_a= (sum_xy- (suiti_x*sum_y/ (float) n) ) / ( sum_xx- (sum_x*suin_y/ (float) n) ) 
m_c= ( suni_xz- {suxn_x*su]:n_z/ (float) n) ) / (sum_xx- {suia_x*sum_x/ (float) n) ) 
c_y= (sum_Y/ n) -ia_a* (sum._x/ (float) n) 
c_z= ( sum_z/n) -m_c* (suii:i_x/ (float) n) 
c__a=c_z/c_y 

fprintf(spt \n\n a = %f c = %f c/a = 

%f\n\n\n c_y c_z c_a) 

printf ( \n a = %f c = ^f c/a = -BfXnXnXn c_y c_z c_a) 

) 

f close ( fpt) 

fclose (spt) 

printf ( \n Results Available In %s \n\n\n ofile) 
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( Tli3nk You\n\n\n\n ) 

1 
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Appendix B 


Physical model for hysteresis loop simulation 


In the modified circuit of Sawyer Tower a time dependent input voltage V,(t) is 
applied and an output voltage Vo(t) get That output voltage as a function of time can be 
determined from the following equation 


dVr. 




dV(f) 

dt 
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A hyperbolic tangent function is chosen to describe the saturated polanzation Pd'^(E) due 
to its convenient mathematical properties that it is consistent with the experimental data 
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where 


P, {e) = P tanhi^— ^ 
^ ^ 28 


5 =E 
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A triangular voltage wave front (dV,/dT= constant) is used in this study 
Now at some initial value of time the electnc field is given by 


E v-y-iE 

^ dfJxl “ eofi/j 


where 


ri =1 — 




1__J 
V ^pJ 


If field IS known dPd/dE can be calculated ys and yi can be computed by using this value 
and finally the value of dVo/dt is calculated from the equation (A 1) Once the initial initial 
values of these necessary functions are determined the time is then incremented The 
output voltage at the t'’ increment in time is given by 


dtf j 

The value of the field at the T^ increment is given by 


1 

1 
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1 
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d. Y dp, ] 
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and the dipole polanzation is given by 
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The l‘'’ vilue of dPd/dE is then calculated and finally value of (dVo/dt) is calculated The 
above pioceduie is applied repeatedly to determine the behaviour of the circuit as a 
function of time 
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Appendix C 

Programming for the hysteresis loop 
simulation 

* IMPLICIT DOUBLE PRECISION (A-H 0-Z) 

PARAMETER ( DP =0 0 OF - 0 4E-4 EPSO = 8 854E-14 
+ EPSF = 600 0 EPSP =1 CN - 10 OE-9 PR = 14 OE-6 
+ RF = 1 0E18 RN = 1 0E6 AREAF = lE-4 PS = 23 OE-6 
+ EC = 45 0E3) 

* 

COMMON /Al/ TIME 

COMMON /VI/ VPEAK TPERD4 SLOPE VDERI TPERD3 

C WRITE(;*: *) ENTER FREQUENCY AND PEAK OF TRIANGULAR INPUT 

c READC!^ *)FREQ VPEAK 

c WRITE(* *) ENTER TIME STEP AND FINISH TIME 

c READ(* *)STEP FINTIM 

TPERIOD =lE-5 
NPOINTS = 100 
VPEAK=10 
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STCP= rPCRIOD/NPOINTS 


i 


F INTIM=TPERIOD 

* 

OPCN(23 FILE= 01 PRN ) 


TIME = -STEP 
TPERD4 = TPERIOD/4 0 

TPERD3 = (3 0/4 0 ^TPERIOD 
SLOPE = ( VPEAK/TPERD4) 


GAMMAl =10- (DP/DF)*(1 0 - (EPSF/EPSP)) 

* SETTING INITIAL CONDITIONS 

PDINIT = -PR 
VINIT =0 0 

VOINIT= PDINIT*AREAF/CN 

EFINIT=( 1 0/( DF*GAMMA1 ) )*( VINIT-VOINIT- ( DP*PDINIT )/( EPSO*EPSP ) ) 
EF= EFINIT 
PDF= PDINIT 
VOUT=VOINIT 
T 

100 TIME = TIME+STEP 

EFP=EF 
VOUTP=VOUT 
PDFP=PDF 

VINPUT = V(TIME) 

* WRITE(* *) INPUT TIME VINPUT VDERI 
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* CALCULATION OF OUTPUT VOLTAGE 


* GENERATION OF POLARISATION AND ITS DERIVATIVE 


IF (VDERI LT 0 0) THEN 


DPDF =DPD(-EF EC PR PS) 

2 


ELSE 

DPDF = DPD(EF EC PR PS) 

ENDIF 

TEMPOl = ( EPSF/EPSP)*( 1 0 + (I O/C EPSO*EPSF ) )*DPDF ) 
GAMMA2 =10- (DP/DF)*(1 O - TEMPOl) 

TEMP02 = ( 1 0 + ( 1 0/C EPSO*EPSF ) )*DPDF ) 

GAMMA3 = (1 0*TEMP02)/GAMMA2 
CF = (EPSO*EPSF*AREAF)/DF 

* WRITE(»: *) GAMMA TIME GAMMA2 GAMMAS CF 

* 

* CALCULATION OF RATE OF CHANGE OF OUTPUT VOLTAGE 

TEMPOS = GAMMA3*CF*VDERI + (VINPUT/RF) 

TEMP04 = V0UT*((1 O/RN )+( 1 O/RF)) 

DEVOUT = (TEMP03-TEMP04)/(CN+(GAMMA3*CF)) 

VOUT = VOUTP +(DEVOUT*STEP) 


* CALCULATION OF ELECTRIC FIELD ( EF ) 
TEMPOS = PDF - (DPDF*EFP) 
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TEMPOS = (DF^GAMMAl) + ( DP/( EPSO*EPSP ) )*DPDF 
TEMP07 - VINPUT - VOUT - ( DP/( EPSO>t:EPSP ) )*TEMP05 
EF = TEMP07/TEMP06 


PDF = PDFP + DPDF^CEF - EFP ) 

^ 

WfITECi: *) EF & PDF TIME EF PDF 

* WRITE(* :^)TIME EF PDF VDERI 

*■ WRITE(23 *)EF PDF 

* WRITE(* *) DPDF TIME DPDF 

WRITE(23 *)EF VOUT PDF VINPUT TIME 
*101 foimat(4f20 8) 

* 

IF (TIME LT FINTIM) GO TO 100 

* 

STOP 

END 

REAL FUNCTION PD(EF EC PR PS) 

COMMON /fill/ TIME 

1 

DEL = EC*((L0G10((1 04PR/P=;)/(l 0-PR/PS )))**( -1 ) ) 
* WPITE(* *) DEL-PD DEL EC PR PS 

PD = -PS*TANH((EF-EC)/(2 0*DEL) ) 

RETURN 

END 
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REAL FUNCTION V( T ) 

COMMON /VI/ VPEAK TPERD4 SLOPE VDERI TPERD3 
IF (T LE TPERD4) THEN 
V=SLOPE*T 

' ' ' VljERf=^PE~' "“^ - " ■ ■“ ■'f" 

ELSEIF ( T LE TPERD3) THEN 

4 


V=VPEAK-SLOPE*( T-TPERD4 ) 

VDEPl=-SLOPE 

ELSE 

V=-VPEAK+SLOPE:*:( T-TPERD3 ) 

VDERI=SLOPE 

ENDIF 

RETURN 

END 

REAL FUNCTION DPD( EF EC PR PS) 

COMMON /Al/ TIME 

DEL = EC*((LOG((l 0+PR/PS)/(l 0-PR/PS )))**( -1 ) ) 
* WRITE(* *) DEL-DPD DEL EC PR PS 

PCOSH = (C0SH((EF-EC)/(2 0*DEL ) ) 

' DPD = PS*((2 0*DEL*PCOSH)*^-(-l )) 

WRITE(24 *) DPD EF 

RETURN 

END 
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